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Novel Protein Kinase A-Dependent
Long-Term Depression of Excitatory Synapses
et al., 2000; Snyder et al., 2001; Wang and Linden, 2000).
Phosphorylation of GluR1 increases AMPAR open chan-
nel probability (Banke et al., 2000; Barria et al., 1997;
Johanna L. Gutlerner,1 Esther Chapin Penick,1
Eric M. Snyder,2 and Julie A. Kauer1,3
1Department of Molecular Pharmacology,
Roche et al., 1996), and thus dephosphorylation ofPhysiology, and Biotechnology
GluR1 is likely to contribute to LTD. AMPAR phosphory-2Department of Neuroscience
lation also regulates the plasma membrane reinsertionBrown University
of AMPARs following internalization (Chung et al., 2000;Providence, Rhode Island 02912
Ehlers, 2000).
Although PKA activation is involved in several phases
of long-term potentiation in hippocampus (Frey et al.,Summary
1993; Huang and Kandel, 1994; Nayak, et al., 1998;
Winder et al., 1998; Otmakhova et al., 2000), in generalDopamine neurons of the ventral tegmental area (VTA)
PKA activation has not been correlated with LTD in theare critically involved in processing novel and re-
brain (Mulkey et al., 1994; Kameyama et al., 1998; Leewarding information, and mediate the addictive prop-
et al., 1998, 2000; Tavalin et al., 2002; but see Brandonerties of many drugs of abuse. Excitatory synapses
et al., 1995; Huang et al., 1999; Yu et al., 2001). In fact,on these neurons, like those in other brain regions,
dephosphorylation of GluR1 at a protein kinase A con-exhibit long-term depression (LTD). Amphetamine or
sensus site (Ser 845) is correlated with LTD in hippocam-dopamine block LTD at VTA synapses, indicating that
pus (Lee et al., 1998, 2000). Here we characterize a novel,both pathological and local physiological stimuli regu-
PKA-dependent form of LTD at excitatory synapses inlate LTD. Here we show that in common with other
the ventral tegmental area (VTA), a nucleus of dopamine-forms of LTD, VTA LTD results from a selective de-
containing neurons essential for normal responses tocrease in AMPA receptor function accompanied by a
rewarding stimuli. VTA dopamine neurons fire in re-decrease in cell surface AMPA receptors. However,
sponse to novel, salient stimuli (Schultz, 1997), and do-unlike the case for any previously described form of
pamine release from VTA terminals is hypothesized toLTD, activation of cyclic AMP-dependent protein ki-
mediate reward, enabling the animal to form associa-nase (PKA) is necessary and sufficient to trigger LTD
tions to cues in the environment important for survivalat synapses on VTA dopamine neurons.
(Bozarth and Wise, 1987; Pennartz et al., 1994; O’Don-
nell, 1999). Both LTP and LTD occur at excitatory syn-Introduction
apses in the VTA in vitro, similar to LTP and LTD de-
scribed in other brain regions (Bonci and Malenka, 1999;Long-term potentiation (LTP) and long-term depression
Overton et al., 1999; Jones et al., 2000; Mansvelder and(LTD) of excitatory synaptic transmission have been re-
McGehee, 2000; Thomas et al., 2000).ported at synapses in many regions throughout the
Alterations in synaptic strength at VTA synapses havemammalian nervous system. Synaptic plasticity has
been proposed to be essential for the development ofbeen best described in cortical structures like hippo-
addiction to drugs of abuse (Tong et al., 1995; White,campus, cerebral cortex, and cerebellum, where individ-
1996; Wolf, 1998; Mansvelder and McGehee, 2000; Hy-ual neurons carry out complex integration of multiple
man and Malenka, 2001). Considerable evidence linksinputs. Plastic changes at synapses on these neurons
synaptic plasticity at excitatory VTA synapses with theare an essential component mediating the necessary
development of behavioral sensitization, a model of drug
modifications underlying associations among multiple
craving (Robinson and Berridge, 1993, 2001; Wolf, 1998).
inputs. Synaptic plasticity has also been reported in less
For example, NMDA receptor antagonists delivered
clearly associative areas such as ventral horn of spinal within the VTA block both LTP and sensitization to co-
cord, septal nuclei, and autonomic and superior cervical caine (Kalivas and Alesdatter, 1993; Bonci and Malenka,
ganglia, suggesting that LTP and LTD are basic proper- 1999), and the physiological responsiveness of VTA neu-
ties of excitatory synapses, but may serve distinct func- rons to iontophoretically applied glutamate increases
tions in distinct regions. with sensitization (White et al., 1995). Furthermore, over-
Specific intracellular signaling cascades are impli- expression of GluR1 in the VTA by itself induces sensiti-
cated in LTD at CNS synapses. At CA3-CA1 synapses zation (Carlezon et al., 1997), and one-time cocaine ex-
in hippocampus, protein phosphatase 1 is essential for posure in the intact rat or mouse results in potentiation
NMDA receptor-dependent, synapse-specific LTD (Mul- of excitatory VTA synapses within 24 hr (Ungless et al.,
key et al., 1993; Morishita et al., 2001), while at the 2001).
parallel fiber-Purkinje cell cerebellar synapse, protein LTD in the VTA may represent an important compo-
kinase C activation is required for associative LTD (Lin- nent of the reward system. We previously demonstrated
den and Connor, 1991; Xia et al., 2000). Recently, de- that low-frequency stimulation of glutamate afferents
phosphorylation and internalization of AMPA receptors in the VTA paired with modest depolarization of the
(AMPARs) have been strongly implicated in LTD at both dopamine cells elicits LTD (Jones et al., 2000; Thomas et
synapses (Beattie et al., 2000; Lin et al., 2000; Matsuda al., 2000). LTD at these synapses requires postsynaptic
calcium, and Ca2 entry by itself is sufficient to induce
LTD in VTA dopamine cells. Moreover, low concentra-3Correspondence: julie_kauer@brown.edu
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Figure 1. Transient but Not Maintained Acti-
vation of PKA Is Necessary for the Induction
of LTD in VTA Dopamine Cells
(A) LTD was induced by pairing depolarization
to40mV of each VTA neuron with 1 Hz affer-
ent stimulation (“pairing”) (n 35, p 0.0001;
some of these data have been published pre-
viously [Jones et al., 2000]).
(B) Top panel, the PKA inhibitor, Rp-cAMPS
(11 M), was applied at least 15 min before,
and during, pairing. The induction of LTD was
blocked by inhibition of PKA. Insets, example
EPSCs collected at times indicated by the
numbers (1 and 2). Bottom panel, combined
data from six experiments demonstrating the
block of LTD induction by Rp-cAMPS. By it-
self, Rp-cAMPS had a small depressant ef-
fect in some experiments (two of six experi-
ments). Calibration: 20 ms, 50 pA.
(C) Combined data from four experiments dem-
onstrating the block of LTD induction by the
inclusion of 1 M PKI in the pipette (p  0.8).
(D) Top panel, the PKA inhibitor Rp-cAMPS
(11 M) was applied 10 min after LTD induc-
tion. Inhibition of PKA had no effect on pre-
viously established LTD. Insets, example
EPSCs collected at times indicated by the
numbers (1 and 2). Bottom panel, combined
data from five experiments in which Rp-
cAMPS (11 M) was applied 10 min after the
1 Hz stimulation protocol. Calibration: 20 ms,
50 pA.
tions of amphetamine entirely block the induction of LTD paired with modest depolarization of the dopamine neu-
ron to 40mV (Figure 1A). The induction of LTD was(Jones et al., 2000); thus, psychostimulants remove this
normal brake on excitatory drive to dopamine neurons. blocked when the PKA inhibitor, Rp-cAMPS (11 M),
was applied for 15 min before and during the 1 Hz stimu-Understanding the mechanisms underlying synaptic
plasticity in the VTA will therefore be crucial in determin- lation protocol, (Figure 1B, n  6, EPSCs 93%  4.5%
of control, no significant difference). To test whethering how drugs of abuse modify the brain at a cellular
level as well as in understanding glutamatergic control PKA within the postsynaptic dopamine neuron itself is
required for LTD induction, PKI (the peptide inhibitor ofof normal VTA function.
Here we have further examined the cellular properties PKA; 1 M) was included in the patch pipette. In dopa-
mine neurons loaded with PKI, LTD was entirely blockedof LTD in the VTA to identify whether differences exist
between LTD here and in cortical regions. Like other (Figure 1C, n  4, EPSC amplitude 97%  12% of con-
trol). Blocking PKA activity with Rp-cAMPS after LTDexamples of LTD, VTA LTD results from decreased num-
bers of postsynaptic AMPA receptors. However, we find has been induced did not affect established LTD (Figure
1D, n  5, EPSCs 93%  5.8% of EPSC amplitudethat LTD in the VTA requires signaling molecules differ-
ent from those involved in LTD in cortical structures. before drug, no significant difference). This observation
indicates that transient PKA activity is required for LTDIn particular, unlike previously reported forms of LTD,
activation of cyclic AMP-dependent protein kinase is induction, but that sustained PKA activity is not neces-
sary to maintain the depression.both necessary and sufficient to induce LTD in the VTA.
LTD at VTA synapses requires intracellular Ca2 pre-
sumed to enter via voltage-gated Ca2 channels (JonesResults
et al., 2000; Thomas et al., 2000). However, we observed
no effect of Rp-cAMPS (11 M) on isolated voltage-We recorded excitatory postsynaptic currents (EPSCs)
from VTA dopamine cells voltage clamped at 60mV, gated Ca2 currents in the dopamine neurons, ruling out
the possibility that Rp-cAMPS prevented LTD throughwhile stimulating glutamatergic afferents to the VTA. We
showed previously that D2 receptor activation in the a direct effect on Ca2 channels (peak Ca2 currents in
Rp-cAMPS: 98%  3% of control values; n  3; seeVTA blocks LTD (Jones et al., 2000), and this receptor
can inhibit adenylate cyclase by coupling via Gi (Gilman, Experimental Procedures).
Since inhibition of PKA blocked LTD induction, we1987). Therefore, we asked whether direct inhibition or
activation of cyclic AMP-dependent protein kinase af- next asked whether PKA activation is sufficient to induce
LTD. Application of the PKA activator Sp-cAMPS (11–33fects LTD induction.
LTD was induced using 1 Hz afferent stimulation M) significantly depressed evoked EPSCs (Figures 2A
PKA-Dependent LTD of Excitatory Synapses
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Figure 2. Activation of PKA Alone Is Suffi-
cient to Depress EPSCs in VTA Dopamine
Cells
(A) Application of the PKA activator Sp-
cAMPS (33 M, 15 min) depresses the basal
VTA dopamine cell EPSC. Insets, example
EPSCs collected at the times indicated by the
numbers (1 and 2). Calibration: 20 ms, 50 pA.
(B) Combined data from seven experiments
in which Sp-cAMPS was applied for 15 min
(p  0.001; 11 or 33 M, no significant differ-
ence between the two concentrations).
(C) Synaptic LTD was maximized using re-
peated 1 Hz stimulations until no further LTD
was observed. Sp-cAMPS (11 M) was then
applied for 15 min. The drug did not elicit
further depression. Insets, example EPSCs
collected at the times indicated by the num-
bers (1 and 2). Calibration: 20 ms, 50 pA.
(D) Combined data from five experiments
showing the effect of a 15 min application of
Sp-cAMPS (11M) after synaptically induced
LTD was maximized (using two to four rounds
of 1 Hz afferent stimulation paired with depo-
larization to 40mV; p  0.2).
and 2B, n  7, EPSCs 77%  3.6% of baseline before between Ca2 entry and PKA, we attempted to induce
LTD by artificially forcing Ca2 into the dopamine neurondrug application). We reasoned that if the synaptic de-
pression caused by Sp-cAMPS and synaptically in- while blocking PKA activity with PKI. If Ca2 entry can
induce LTD downstream and independently of PKA acti-duced LTD utilize a common cellular mechanism, the
two should not be additive. When LTD was saturated vation, normal LTD should be induced under these con-
ditions. Instead, LTD was significantly attenuated inusing repeated rounds of 1 Hz synaptic stimulation, Sp-
cAMPS no longer significantly depressed EPSCs (Fig- these experiments (Figure 3). While repetitive depolar-
ization of the dopamine neuron produced reliable LTDures 2C and 2D, n 5, EPSCs 104% 3.4% of baseline
after maximal LTD induction). These data demonstrate under control conditions (EPSC amplitudes: 77%  4%
of control values, n  5), when the PKA inhibitor wasthat the synaptic induction of LTD and Sp-cAMPS share
a common mechanism for EPSC depression that de- included in the recording solution, LTD was significantly
reduced (EPSC amplitudes: 88%2% of control values,pends upon PKA activation. Sp-cAMPS is a cAMP ana-
log and thus may affect cAMP targets other than PKA. n  7; p  0.05). These results indicate that Ca2 entry
is upstream of PKA activation, and that PKA activationTo confirm that Sp-cAMPS depresses the EPSC by acti-
vating PKA rather than by some other mechanism, we is an obligatory step in LTD induced by forced Ca2
entry. As there was a small residual LTD not entirelytested the effects of Sp-cAMPS after blocking PKA by
inclusion of PKI in the patch pipette. LTD was signifi- blocked by PKI in some experiments, it is possible that
Ca2 can produce some LTD independent of PKA activa-cantly blocked under these conditions (EPSC amplitude
with Sp-cAMPS alone: 77% 3% of control values, n tion. It is more likely, however, that the residual LTD
resulted from incomplete diffusion of PKI to all synapses7 dopamine cells; EPSC amplitude with Sp-cAMPS 
PKI: 89%  2% of control values, n  9 dopamine of the dopamine neuron.
Our previous work demonstrated that amphetamine (1cells, p 0.02). Together these results indicate that PKA
activation in the dopamine cell is sufficient to induce M) blocks LTD at excitatory synapses on VTA neurons
(Jones et al., 2000). Amphetamine’s effects were pre-LTD at excitatory VTA synapses.
VTA LTD can be triggered by increases in postsynap- vented by the D2 dopamine receptor antagonist, eticlo-
pride. We proposed that amphetamine released dopa-tic calcium levels, and forcing calcium into the VTA do-
pamine cell is sufficient to induce LTD (Jones et al., mine, which activated D2 receptors, which in turn
activated the G protein, Gi. Our present results can ex-2000). The data in Figure 2 demonstrate that activation
of PKA by itself is similarly sufficient to induce LTD. How tend this model to suggest that activation of Gi is likely
to inhibit LTD by inhibiting adenylate cyclase, reducingdo the Ca2 and cyclic AMP pathways converge in the
dopamine neurons? Calcium entering the dopamine cell cAMP levels, and ultimately reducing PKA activity. This
model predicts that Sp-cAMPS, which acts downstreamduring synaptic stimulation could activate a calcium-
activated adenylate cyclase, leading to cyclic AMP pro- from the D2 receptor and adenylate cyclase, should
cause LTD even in the presence of amphetamine. Theduction. Three adenylate cyclase isoforms can be acti-
vated by calcium/calmodulin, but their distribution in experimental results supported this expectation. In cells
treated with 11 M Sp-cAMPS alone, EPSC amplitudesmidbrain dopaminergic regions has not been particularly
noted (Mons et al., 1993; Hanoune and Defer, 2001). were 77% 3% of control (n 7 dopamine cells). When
1 M amphetamine was bath applied 10 min prior toAlternatively, Ca2 could trigger events independent of
the cyclic AMP cascade that interact with a downstream Sp-cAMPS application, EPSC amplitudes were 85% 
1.9% of control (n  5 dopamine cells; not significantlytarget of the PKA pathway. To address this relationship
Neuron
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Figure 4. LTD Induction in the VTA Dopamine Cells Does Not Re-
quire Activation of Protein Phosphatase 1 or 2A
Figure 3. PKA Activation Is Required for LTD Induced by Repetitive (A) LTD was induced in a VTA dopamine cell with microcystin-LR
Depolarization (10 nM) included in the intracellular solution. LTD was induced at
(A) A single example in which LTD was induced in a VTA dopamine least 15 min after breaking into the whole-cell configuration. The
cell by repetitive depolarization producing action potential firing drug did not inhibit synaptically induced LTD. Insets, example
(depolarization to 0mV for 200 ms, repeated 60 times at 0.5 Hz). The EPSCs collected at the times indicated by the numbers (1 and 2).
repetitive depolarization was carried out in current-clamp mode. Calibration: 20 ms, 50 pA.
Calibration: 20 ms, 50 pA. (B) Combined data from five VTA dopamine cells in which microcys-
(B) A single example illustrating that repetitive depolarization does tin-LR (10 nM) was included in the intracellular solution. LTD was
not produce LTD in a dopamine neuron if PKA is blocked with induced at least 15 min after breaking into the whole-cell configura-
intracellular PKI (1 M). tion. LTD was induced, p  0.01.
(C) Combined data showing that with PKA blocked, repetitive depo- (C) Combined data from four hippocampal pyramidal cells in which
larization does not induce LTD. The bar graph shows the mean microcystin-LR (10 nM) was included in the intracellular solution.
percent LTD, normalized to a ten-minute control period preceding LTD was induced at least 15 min after breaking into the whole-cell
repetitive depolarization and measured between 10 and 20 min after configuration (open circles). Control LTD was elicited without micro-
the repetitive depolarization protocol. Black bar, control internal cystin-LR in the pipette solution (closed circles, n  5). p  0.02.
solution; patterned bar, internal solution containing 1 M PKI. Aster-
isk: p  0.05.
in other forms of LTD, and we therefore sought to deter-
mine whether protein phosphatases 1/2A are required
for LTD. When microcystin-LR, an inhibitor of PP1/2A,different from results after Sp-cAMPS alone). These re-
sults support the idea that PKA activation occurs down- was included in the patch pipette (10 nM), robust LTD
could still be induced at VTA synapses (Figures 4A andstream of either physiological or psychostimulant-
induced dopamine release. 4B, n 5, VTA LTD: 65% 6.8% of baseline; not signifi-
cantly different from control LTD). In contrast, this con-In hippocampal CA3-CA1 synapses, activation of
postsynaptic protein phosphatase 1/2A (PP1/2A) is nec- centration of microcystin in the patch pipette signifi-
cantly inhibited the induction of hippocampal LTDessary for induction of NMDAR-dependent LTD (Mulkey
et al., 1993; Morishita et al., 2001). The involvement of (Figure 4C, control hippocampal LTD: 81%  3% of
baseline, n  5; in microcystin, n  4, EPSCs 105% the cyclic AMP cascade suggested that LTD in the VTA
relies on cellular mechanisms distinct from those used 8.1% of baseline). These results strongly suggest that
PKA-Dependent LTD of Excitatory Synapses
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Figure 5. Paired Pulse Ratios after LTD Induction and Sp-cAMPS
Application Are Consistent with a Postsynaptic Change in Respon-
siveness
(A) The mean paired pulse ratio determined for before synaptic LTD
induction (Before LTD), and after LTD induction (After LTD) in 17
neurons. The paired pulse ratio does not change significantly before
and after the 1 Hz stimulation protocol. Closed symbols and thicker Figure 6. Sp-cAMPS Does Not Depress NMDAR EPSCs
line represent the mean of all 17 experiments. (A) Combined data from six experiments in which Sp-cAMPS (11
(B) Changes in the paired pulse ratio illustrated as a percent of the M, 15 min) was applied while recording isolated NMDAR-mediated
control levels before 1 Hz stimulation or Sp-cAMPS (11–33 M). EPSCs (p  0.5). Right panel, example NMDAR EPSCs recorded
There is no significant change in PPF (p  0.6 for both manipula- before and at 10 min after Sp-cAMPS treatment of a dopamine
tions). PPF after 1 Hz stimulation: 104%  5%, n  20; Sp-cAMPS: neuron.
PPF  108%  2.7%, n  6. (B) Combined data from seven experiments in which Sp-cAMPS
was applied while recording AMPAR EPSCs recorded at 60mV
(11–33 M; data are those from Figure 2B). Right panel, example
the induction process underlying LTD in dopamine neu- AMPAR EPSCs recorded before and 10 min after Sp-cAMPS treat-
rons is quite different from that observed at hippocam- ment of a dopamine neuron. Calibration: 20 ms, 50 pA.
pal synapses during NMDAR-dependent LTD.
We hypothesized that LTD is triggered by events initi-
ated in the postsynaptic neuron, since we found pre- sion of both the NMDAR EPSC and the AMPAR EPSC.
Accordingly, NMDAR EPSCs were isolated by elicitingviously that simply raising calcium in the postsynaptic
cell artificially, without presynaptic stimulation, is suffi- synaptic potentials in VTA neurons held at 40mV in
the presence of DNQX (AMPAR antagonist; 10 M).cient to induce LTD (Jones et al., 2000). However, we
had not ascertained whether LTD is maintained by per- When Sp-cAMPS was applied, the NMDAR-mediated
EPSC was not affected (Figure 6A, n 6, EPSCs 95%sistently decreased glutamate release from presynaptic
terminals or by decreased postsynaptic sensitivity to a 7.3% of baseline before drug application). These data
strongly suggest that the LTD mechanism selectivelyconsistent amount of released glutamate. Paired-pulse
EPSC ratios can provide a sensitive measure of changes targets AMPA receptors and has no appreciable effect
on glutamate release.in presynaptic transmitter release probability (Katz and
Miledi, 1968; Manabe et al., 1993). Although individual To test whether the depression of AMPAR EPSCs can
be accounted for by decreased AMPARs on the celldopamine neurons exhibited either paired-pulse facilita-
tion or paired-pulse depression during the baseline pe- surface, we performed surface biotinylation to measure
levels of surface GluR1 in VTA slices (Figure 7A). Weriod, we found no consistent change in the paired-pulse
ratio after synaptically induced LTD (Figures 5A and 5B, found that Sp-cAMPS reduced the level of surface GluR1
to 66.5% 11.9% of control (n 11), but did not signifi-n 20). Similarly, the paired-pulse ratio was unchanged
after application of Sp-cAMPS (11–33 M; Figure 5B). cantly affect the level of surface NR1 (80.5%  22.7%
of control; p  0.5; n  7). The decrease in surfaceThese data are consistent with the hypothesis that post-
synaptic changes are responsible for maintaining LTD. AMPARs is in remarkable agreement with the magnitude
of LTD at VTA synapses, and supports the hypothesisWe next used a second, more direct measure to exam-
ine whether LTD is maintained by changes confined to that LTD is expressed via a selective reduction in AMPA
receptors present on the cell membrane. In contrast,the postsynaptic neuron. At the holding potential
of 60mV used in our LTD experiments, the majority of when hippocampal slices were exposed to Sp-cAMPS,
we could not detect internalization of GluR1 (Figure 7B;the EPSC results from activation of AMPA receptors by
synaptically released glutamate. Thus, LTD results in Sp-cAMPS-treated slices exhibited 114%  29.7% of
control levels of surface GluR1; n 7 control, n 6 Sp-decreased AMPAR-mediated synaptic transmission.
The dopamine neurons also express NMDARs, however, cAMPS). To determine the phosphorylation state of the
AMPAR, we used a phospho-specific antibody againstand these receptors are likely to colocalize with AMPARs
as in other brain regions. If Sp-cAMPS depresses EPSCs Ser-845, a PKA consensus site on GluR1 (Kameyama
et al., 1998). In hippocampus, dephosphorylation of thispresynaptically, by reducing the amount of released glu-
tamate, then one would expect simultaneous depres- site is associated with hippocampal LTD (Lee et al.,
Neuron
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Figure 7. Sp-cAMPS Decreases Surface
GluR1 in the VTA but Not the Hippocampus
(A) Western blot from VTA showing the total
and surface levels of biotinylated GluR1 in
control and Sp-cAMPS conditions. Top
panel, example blot; ten times as much pro-
tein was loaded into the “surface” lane as in
the “total” lane. Bottom panel, ratio of surface
to total biotinylated GluR1. The black bar rep-
resent the control condition and the pat-
terned bar represent the Sp-cAMPS-treated
condition. Asterisk: p  0.04.
(B) Western blot from hippocampus showing
the total and surface levels of biotinylated
GluR1 in control and Sp-cAMPS conditions.
Top panel, example blot; ten times as much
protein was loaded into the “surface” lane
as in the “total” lane. Bottom panel, ratio of
surface to total biotinylated GluR1. The black
bar represents the control condition and the
patterned bar represents the Sp-cAMPS-
treated condition. Results are not signifi-
cantly different, p  0.6.
(C) Extracts from VTA slices were probed by
Western blot with antibodies specific for
GluR1 phosphorylated at Ser-845, stripped
and reprobed with a polyclonal antibody rec-
ognizing total GluR1. Quantification of the ra-
tio between phosphorylated GluR1 to total
GluR1 revealed no significant change with
Sp-cAMPs treatment (p  0.7).
2000). We found no difference between phosphorylation Activation of PKA Is Necessary and Sufficient
for LTD in the VTAlevels of Ser-845 in control slices versus slices treated
with Sp-cAMPS (Figure 6C; Sp-cAMPS-treated slices: In the VTA, two PKA inhibitors with distinct sites of action
both blocked LTD induction. Importantly, inhibition of88%  23% of control slice Ser-845 phosphorylation;
control, n  6; Sp-cAMPS, n  8). These results must PKA after LTD induction had no effect on synaptic trans-
mission, indicating that PKA activation is necessary onlybe interpreted with some caution, as the VTA and hippo-
campal slices used for these experiments are not homo- in a specific window during LTD induction. Direct activa-
tion of protein kinase A using Sp-cAMPS led to LTD;geneous cell populations. Taken together, however,
these data strengthen the idea that activation of the occlusion experiments indicated that PKA activation
and synaptic stimulation use common mechanisms tocyclic AMP pathway in the VTA causes changes in syn-
aptic transmission that are different from those in the produce LTD. Our results strongly support a model in
which activation of PKA in the postsynaptic dopaminehippocampus.
neuron is necessary and sufficient for LTD induction.
Despite the novel mechanisms involved in triggeringDiscussion
LTD in the VTA, this form of LTD is maintained by a
decrease in postsynaptic surface GluR1 and functionalLTD Uses a Novel Signaling Cascade
in VTA Neurons synaptic AMPARs, like previously described examples
of LTD. Our experiments examining paired-pulse ratiosOur results demonstrate a novel form of LTD at excit-
atory synapses in the central nervous system. Activation and AMPAR versus NMDAR synaptic currents support
the idea that LTD is produced by a decrease in functionalof cyclic AMP-dependent protein kinase in the postsyn-
aptic neuron is necessary for induction of LTD at VTA AMPARs. Moreover, surface protein biotinylation indi-
cates that LTD in dopamine neurons results from inter-synapses, and activation of the cyclic AMP signaling
pathway, on its own, is sufficient to induce LTD. How- nalization of surface AMPA receptors, without internal-
ization of NMDARs. In hippocampal slices exposed toever, the expression mechanism for VTA LTD is similar
to that seen at other synapses, since several different Sp-cAMPS, similar changes in surface AMPARs were
not observed, providing further evidence that the cyclicexperimental approaches indicate that LTD results from
selective postsynaptic AMPA receptor internalization. AMP cascade serves different roles in the two brain
PKA-Dependent LTD of Excitatory Synapses
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regions. Overall, our results suggest that, unlike at hip- NMDA-induced endocytosis leads to a different recep-
pocampal excitatory synapses, phosphorylation of a tor fate than AMPA-induced endocytosis (Beattie et al.,
postsynaptic PKA substrate is required for LTD induc- 2000; Lin et al., 2000; Ehlers, 2000). Endocytosis of AMP-
tion at VTA synapses. ARs in cultured hippocampal neurons after Ca2 entry
The requirement for activation of PKA in LTD was through voltage-gated channels is not sensitive to inhib-
unexpected. Although there have been reports that PKA itors of phosphatase 1, and appears to result in targeting
activation may play some role in LTD in cultured hippo- of endocytosed receptors to compartments different
campal neurons (Yu et al., 2001), in dentate gyrus (Huang from those targeted after NMDAR-induced endocytosis
et al., 1999), or in mutant mice lacking a PKA regulatory (Beattie et al., 2000). LTD at VTA synapses requires Ca2
subunit (Brandon et al., 1995), considerable evidence entry most likely through voltage-dependent Ca2 chan-
supports a model of hippocampal synapses in which nels (Jones et al., 2000; Thomas et al., 2000), is phospha-
PKA activation decreases LTD (Mulkey et al., 1994; Lis- tase 1-independent, and is not associated with signifi-
man, 1994; Kameyama et al., 1998; Lee et al., 2000; cant dephosphorylation of Ser-845. Taken together, our
Tavalin et al., 2002). At CA3-CA1 synapses, LTD and data indicate that low-frequency stimulation can elicit
dedepression are associated with dephosphorylation of different forms of LTD at excitatory synapses in the
GluR1 at a consensus site for PKA (Ser-845) (Kameyama CNS. The differences between LTD at VTA synapses
et al., 1998; Lee et al., 2000). Experimental manipulations and NMDAR-dependent LTD suggest the possibility that
very similar to those we report here produced opposite AMPARs, once removed from the dopamine cell surface,
results at the CA3-CA1 hippocampal synapse. For ex- may be degraded or recycled over a time course distinct
ample, PKA activators inhibited LTD and reversed es- from that observed during NMDAR-dependent LTD.
tablished LTD, while PKA inhibitors produced LTD and The data reviewed above emphasize that excitatory
occluded low-frequency stimulation-induced LTD (Ka- synapses on VTA neurons utilize PKA differently than
meyama et al., 1998). Even in heterologous expression excitatory synapses on hippocampal CA1 neurons. At
systems, PKA activation increases, rather than de- another well-characterized excitatory synapse, the cer-
creases, glutamatergic currents through GluR1/GluR3 ebellar parallel fiber-Purkinje cell synapse, LTD depends
heteromeric channels (Keller et al., 1992) or GluR1 ho- upon coincident Ca2 and PKC activity; here too, post-
momeric channels (Banke et al., 2000; Tavalin et al., synaptic cyclic AMP is not involved (Linden and Connor,
2002). Dephosphorylation of Ser-845 is also associated 1995). Again, our results support the idea that different
with targeting the AMPA receptor to specific intracellular CNS synapses use a variety of distinct second messen-
compartments of hippocampal and cortical neurons ger pathways, including protein phosphatase 1/2A,
(Ehlers, 2000). In particular, PKA activation markedly PKC, and PKA, to lead ultimately to decreased surface
reduced NMDA-induced AMPAR endocytosis, consis- AMPAR levels and long-term synaptic depression.
tent with PKA activation inhibiting LTD.
Our results using a protein phosphatase inhibitor con- Interaction between Ca2 and Cyclic
tribute further evidence that the signaling cascade un- AMP Signaling Pathways
derlying VTA LTD is different from that at hippocampal
Either Ca2 entry or activation of PKA produces LTD
synapses. At the CA3-CA1 hippocampal synapse, de-
that occludes further LTD using synaptic stimulation.
phosphorylation of Ser-845 of GluR1 by protein phos-
When LTD was induced using synaptic stimulation, no
phatase 1 is thought to be necessary for LTD induction
further depression was elicited either by repetitive depo-(Kameyama et al., 1998; Lee et al., 2000) and is associ-
larization (to activate voltage-gated calcium channels)ated with NMDAR-induced endocytosis (Ehlers, 2000).
(Jones et al., 2000) or Sp-cAMPS (to activate PKA).In contrast to the case at hippocampal synapses (Mul-
Therefore, LTD induced using any of these methodskey et al., 1994), inhibition of PP1/2A using microcystin
shares underlying cellular properties. LTD induced usinghas no effect on LTD induction in the VTA. The phosphor-
synaptic stimulation (possibly mimicking natural synap-ylation state of Ser-845 on GluR1 does not by itself
tic input) is blocked either by intracellular BAPTA (Jonesappear to predict LTD in the VTA, as no difference in
et al., 2000) or by Rp-cAMPS, suggesting that synapticphosphorylation could be detected with or without treat-
LTD induction requires both a rise in intracellular calciumment with Sp-cAMPS. This result was somewhat sur-
and the activation of PKA. When we examined the inter-prising since one might expect a PKA activator to drive
action between these second messenger systems byphosphorylation of this site. It is most likely that PKA
raising intracellular Ca2 with repetitive depolarizationactivation has effects upstream of the AMPAR. It is also
while blocking PKA activation using PKI, we found sig-possible that AMPAR internalization at VTA synapses is
nificant attenuation of LTD. These data strongly supportassociated with a transient dephosphorylation of Ser-
the idea that PKA activation is a required step after Ca2845, but that at the time point we chose (30 min treat-
entry. The simplest explanation of these results is that ament with Sp-cAMPS), this effect is no longer apparent.
Ca2-sensitive adenylate cyclase is present in midbrainForms of LTD in hippocampus and in cerebellum in-
dopamine neurons and can be activated by Ca2 entryvolve the downregulation of postsynaptic cell surface
via voltage-gated Ca2 channels. Although to our knowl-AMPA receptors (Beattie et al., 2000; Ehlers, 2000; Lee
edge, no direct evidence of this has been shown, ouret al., 2000; Lin et al., 2000; Matsuda et al., 2000; Wang
data suggest that one of the three Ca2 sensitive adenyl-and Linden, 2000; Xia et al., 2000), though in mGluR-
ate cyclase isoforms may be present in these cells.induced LTD, both surface AMPARs and NMDARs are
It is notable that LTP can be triggered at excitatorydecreased (Snyder et al., 2001). The endocytosis, intra-
synapses on midbrain dopamine neurons with 1 Hz stim-cellular fate, and recycling rate of AMPARs depends
upon the signal triggering endocytosis; for example, ulation, if the dopamine neuron is strongly depolarized
Neuron
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(Bonci and Malenka, 1999; Mansvelder and McGehee, mine cells fire to reach a threshold level for “significant”
release. Our data suggest that an afferent input or set2000). LTP at VTA synapses depends upon NMDA, but
not metabotropic glutamate receptors, suggesting that of inputs to dopamine cells that triggers either a general-
ized influx of calcium or activation of adenylate cyclasea rise in intracellular Ca2 is required for LTP (Bonci
and Malenka, 1999; Overton et al., 1999). When LTP is will produce LTD at multiple excitatory synapses
throughout the neuron, reducing the efficacy of sub-induced by pairing strong postsynaptic depolarization
with 1 Hz stimulation, our data would suggest that PKA sequent glutamatergic synaptic input. If such an input
affected large numbers of dopamine neurons, the re-activation is likely to occur. Either PKA activation will
lead to LTD that is overwhelmed by the potentiation sulting LTD would simultaneously decrease the effec-
tiveness of glutamatergic afferents to the region andproduced under these conditions, or LTP induction must
activate intracellular factors that prevent LTD expres- thereby reduce dopamine release. The novel, cyclic
AMP-dependent LTD we have described could in theorysion. It will be of interest in future experiments to test
whether inhibiting or activating PKA alters the magni- decrease the efficacy of many excitatory synapses at
once. We propose that in the VTA, this LTD provides atude or duration of LTP.
mechanism for functional downregulation of multiple
dopamine neurons simultaneously.Blocking LTD in the VTA May Contribute to the
Development of Behavioral Sensitization
Experimental ProceduresWe hypothesize that the block of LTD in the VTA by
psychostimulants is likely to promote LTP induction at Slice Preparation
VTA synapses, acting to remove a normal brake on exci- Sprague-Dawley rats (15–21 days old) were decapitated following
tation (Jones et al., 2000). Many studies have suggested deep halothane anesthesia. The brain was rapidly removed and
placed in ice-cold ACSF: 119 mM NaCl, 26 mM NaHCO3, 2.5 mMsuch a modification of glutamatergic function in the VTA
KCl, 1 mM NaH2PO4, 2.5 mM CaCl2, 1.3 mM MgSO4, and 10 mMis essential to initiate behavioral sensitization (Wolf,
glucose, saturated with 95% O2, 5% CO2 (pH 7.4). For VTA re-1998; Hyman and Malenka, 2001), and recent work
cordings, horizontal slices (250 m) were prepared and stored with
strongly supports the idea that LTP can develop at excit- 1 mM kynurenic acid added to the ACSF (Jones and Kauer, 1999).
atory synapses on dopamine neurons within 24 hr of For hippocampal recordings, coronal slices (350 m) were prepared
exposure to psychostimulants (Ungless et al., 2001). as described (Tecott et al., 1998). Slices were transferred to a re-
cording chamber where the slice was submerged in warmed ACSFHere we find that when amphetamine is present, activa-
(28C–30C, without kynurenate). For VTA recordings, 100 M picro-tion of PKA with Sp-cAMPS produces LTD. These data
toxin was added to block GABAA receptors.indicate that inhibition of LTD by D2 receptor activation
can be bypassed if PKA is activated simultaneously. Electrophysiology
Our current experiments predict that increasing cyclic Individual cells in the VTA were visualized using DIC on an upright
AMP in VTA dopamine neurons will reduce excitability microscope for whole-cell voltage-clamp recordings. Patch pipettes
were filled with internal solution: 117 mM cesium gluconate, 2.8 mMby triggering LTD and therefore should decrease the
NaCl, 5 mM MgCl2, 0.5 mM CaCl2, 2 mM ATP-Na, 0.3 mM GTP-Na,likelihood of eliciting sensitization with psychostimu-
5 mM EGTA, and 20 mM HEPES. Neurons were voltage clampedlants. It has not yet been possible, however, to raise
at 60mV except as noted. Membrane potentials have not been
cyclic AMP in this subset of neurons alone. This presents corrected for the liquid junction potential, typically about 10mV. Cell
a technical problem as activation of D1 receptors, pres- input resistance and series resistance were monitored throughout
ent only on nondopamine neurons in the VTA, is known the experiment, and experiments were discarded if these values
change by more than 10% during the experiment.to initiate sensitization presumably via increased cyclic
A bipolar stainless steel stimulating electrode was placed rostralAMP levels (Pierce et al., 1996; Vezina, 1996; see also
to the recording site in the VTA to stimulate glutamatergic afferentsTolliver et al., 1996, 1999). Further experiments, perhaps
at 0.1 Hz (stimulus intensities were typically 100–500 A, 100 s).
using transgenic animals with dopamine cell-selective LTD was induced by stimulating excitatory afferents at 1 Hz for 6
promoters, will be needed to more closely define the min, while depolarizing the neuron to40mV. During this depolariza-
role of cyclic AMP in sensitization. tion, the neurons often escaped the voltage clamp, firing action
currents. It is likely that even when the cell did not fire, the synaptic
regions were sufficiently unclamped to permit voltage fluctuationsWhat Does LTD Do for the VTA
in response to synaptic currents.Dopamine Neurons?
Hippocampal cells were visualized and recorded from as de-
In hippocampus, cerebellum, and cerebral cortex, LTP scribed (McMahon and Kauer, 1997). Recordings were made from
and LTD are postulated to modify the strength of a given CA1 pyramidal cells while stimulating CA3 afferents in stratum radia-
tum using a bipolar stainless steel electrode (100 s, 40–500 A).set of synapses in response to relevant information,
Hippocampal LTD was induced using the same protocol used inwhile leaving other synapses unaltered. Although robust
the VTA, i.e., 1 Hz stimulation for 6 min paired with depolarizationLTD occurs at synapses in the VTA, it has been unclear
to 40mV.what its precise purpose might be under physiological
All extracellularly applied drugs were added directly to the ACSF
conditions. VTA neurons fire and release dopamine from perfusing the slice chamber at known concentrations for at least
their terminals in response to novel, salient events (Rob- 10 min prior to LTD induction. Microcystin-LR (10 nM) or PKI (1 M)
were added to the intracellular solution within 4 hr of use and allowedinson and Berridge, 1993; Schultz, 1997). Dopamine re-
to perfuse the cell for at least 15 min before LTD induction.lease must presumably be substantial to produce an
EPSC amplitudes were measured off-line using Lab View softwareeffect on postsynaptic target cells. Thus, it is simplest
kindly provided by Dr. Daniel Madison and Dr. Paul Pavlides. Forto think of VTA dopamine cells as generally acting in a
statistical analysis, levels of LTD were assessed by averaging EPSC
coordinated binary way, either releasing or not releasing amplitudes for 10 min just before LTD induction and comparing this
sufficient dopamine. The VTA may behave as a gateway, value with averaged values collected during the 10 min period from
10–20 min after LTD induction. In experiments where the effects ofwith local signaling determining whether enough dopa-
PKA-Dependent LTD of Excitatory Synapses
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drug applications were assessed on basal synaptic transmission, (1:1000; Upstate Biotechnology, Lake Placid, NY) and anti-NR1
N-terminal antibodies (1:1000; Chemicon MAB363). Immunoreactivestatistical analysis was performed by comparing EPSC amplitudes
10 min before the drug was applied to EPSC amplitudes during the bands were visualized by enhanced chemiluminescence (ECL;
Amersham, Piscataway, NJ) and captured on autoradiography film10 min period from 10–20 min after the drug was first applied. Values
are reported as means  SEM. Significance was measured with (Amersham Hyperfilm ECL). Digital images, produced by densito-
metric scans on a ScanJet IIcx (Hewlett Packard, Palo Alto, CA)student’s t tests and p values less than 0.05 were considered signifi-
cant. Paired pulse facilitation was calculated by dividing the ampli- with DeskScan II software (Hewlett Packard), were quantified using
NIH Image 1.60 software. The surface/total ratio was calculated fortude of the second EPSP of each pair by the amplitude of the first
EPSP (50 ms interpulse interval). These values were then normalized each slice, and treatment groups were compared using an unpaired
t test. Control experiments confirmed that less than 4% of the intra-to the 10 min baseline before the experimental manipulation.
Voltage-gated Ca2 currents were isolated in whole-cell re- cellular protein synapsin biotinylated in this assay.
cordings with EGTA raised to 10 mM in the internal pipette solution,
and using ACSF containing 1 M TTX, 5 mM TEA, and 10 mM Phosphorylation Assays
CsCl. To activate high-voltage-activated Ca2 currents, dopamine Western blots prepared from tissue treated as described above were
neurons were held at 40mV and stepped every 30 s for 200 ms to exposed to antibody directed against the Ser-845-phosphorylated
10mV. After stable currents were obtained, 11 M Rp-cAMPS was form of GluR1 (antibody from Upstate). Blots were stripped and
bath applied. Responses for 5 min before application of Rp-cAMPS reprobed for GluR1 (Upstate). Ser-845 phosphorylation was divided
were compared with responses during the 10–15 min period after by the level of GluR1 per sample to calculate phosphorylated Ser-
drug application. 845 per sample.
Repetitive depolarization experiments reported in Figure 3 were
carried out as follows. Baseline synaptic currents were recorded Materials
under voltage clamp as described above. The cell was then switched Salts and all other drugs were obtained from Sigma-Research Bio-
into current-clamp mode with sufficient holding current to maintain chemicals International, except for PKI, which was obtained both
the membrane potential at between 60 and 70mV, and synaptic from Sigma and from Promega. 6,7-Dinitroquinoxaline-2,3(1H,4H)-
stimulation was halted. For a period of 6 min, a 200 ms current dione (DNQX) was dissolved in 0.1 N NaOH, and 5 mM stock solu-
(1–2 nA) was injected through the recording electrode every 2 s. tions were frozen at 20C. Microcystin-LR (IC50 	 1 nM for both
Afterward, the cell was returned to voltage-clamp mode, and synap- PP1 and PP2A) was dissolved in EtOH, and 10 mM stock solutions
tic stimulation was resumed at 0.1 Hz. When PKI was included in were frozen at 20C. Rp-cAMPS and Sp-cAMPS stock solutions
the pipette, the cell was held for at least 30 min prior to repetitive (22 mM) and protein kinase inhibitor (PKI; 1.0 mM) were dissolved
depolarization. in water and frozen at 20C. All stock solutions were diluted to
the appropriate concentrations in ACSF, except for microcystin-LR,
which was first diluted to 10 M in water before dilution to 10 nMIdentification of Dopamine Neurons
in the intracellular solution within 4 hr of use. PKI was diluted directlyWe tested for the presence of Ih, the pacemaker current prominent
into intracellular solution at 1 M.in dopamine neurons and usually absent in non-DA cells (Grace and
Onn, 1989; Johnson and North, 1992). If the cell had a prominent
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